The ATLAS and CMS collaborations have observed independently a new Higgs-like particle with a mass M h ∼ 125 GeV. It is of great interest nowadays to understand the origin and identity of such a particle, whether it comes from the Standard Model (SM) or from some extension of it, such as Supersymmetry (SUSY). The simplest SUSY extension of the SM, the so-called Minimal Supersymmetric Standard Model (MSSM), predicts the tree-level mass relation M h ≤ M Z , so that significant radiative corrections, coming from heavy stop masses and/or large values of tan β, are required in order to reach a 125 GeV Higgs boson mass, as well known. Literature already exists within the MSSM also for the case of attempting to explain other ATLAS and CMS results, in particular, an apparent excess in the gg-induced γγ channel, over and above the SM predictions in presence of a Higgs boson. Here, we are interested in evaluating the modifications on these (CP-conserving) MSSM results that appear within the CP-violating version of the MSSM. Namely, we will evaluate the role of the complex phases of the soft SUSY terms and the µ parameter on both the mass of the light Higgs boson, h 1 , and their effects on the rates for the process gg → h 1 → γγ.
Introduction
The experimental observation of the Standard Model (SM) Higgs boson and the determination of its properties were the main motivations behind the construction of the Large Hadron Collider (LHC). Very recently, both the ATLAS and CMS experiments have reported the hint of a Higgs-like particle having mass around 125 GeV [1, 2] . It is almost evident from the results that the observed signals in the different production and decay channels seem to follow the SM predictions. However, perhaps due to the presence of large experimental uncertainties, there are some deviations in some of the individual channels from the SM expectations. But, it is also possible that such deviations could signal the presence of physics Beyond the SM (BSM). For instance, one can explain these results in models with an extended Higgs sector like those embedded in Supersymmetry (SUSY) [3] [4] [5] [6] .
SUSY is one of the most popular extensions of the SM, with motivations that include: i) the solution of the hierarchy and naturalness problems of the SM; ii) the unification of the SM gauge couplings at some high scale close to the Planck mass; iii) the provision of a Dark Matter (DM) candidate (so long that R-parity conservation is postulated); iv) being a natural ingredient of String theories.
The Minimal Supersymmetric Standard Model (MSSM) though, the simplest realization of SUSY, predicts the maximum tree-level value of the Higgs mass to be M h ≤ M Z . However, only mild radiative corrections are needed in order to push M h to be above the latest LEW bound, M h > 114 GeV. However, making the Higgs mass to reach around 125 GeV requires the inclusion of sizable top/stop loop corrections, which depends quadratically on the top quark mass and logarithmically on the stop masses, combined with a large value of tan β, the ratio of the Vacuum Expectation Values (VEVs) of the two Higgs doublets pertaining to the MSSM. Several studies have already been performed in the context of different SUSY models, including the MSSM [7] (also the constrained version [8] ), NMSSM [9] , (B-L)SSM [10] . All of them have predicted a SM-like Higgs boson with mass around 125 GeV and found solutions explaining the excess in the di-photon channel.
Another route to follow in order to obtain similar results is to consider the possibility of having CP-violating phases in (some of) the SUSY parameters that can substantially modify Higgs boson phenomenology at colliders at both mass spectrum and production/decay level [11, 12] . In this paper, we will indeed study the prospect of having a Higgs boson in the context of such a scenario with a mass around 125 GeV and event rates compatible with all LHC data, not only those used in the Higgs boson search but also those exploited in various SUSY studies.
Things go as follows. The Higgs potential of the MSSM is CP invariant at tree level. Several studies have been performed to break the CP invariance of the Higgs potential spontaneously [13] . However, these possibilities are now almost ruled out by the experiments [14] . Instead, CP violation can be induced explicitly in the Higgs sector of the MSSM. This can be achieved by introducing the complex parameters that break CP invariance in the sfermion and chargino/neutralino sectors of the MSSM. There are many new parameters which could in principle be complex and thus possess CP-violating phases, like the Higgsino mass parameter (µ), the soft SUSY breaking gaugino masses (M 1 , M 2 , M 3 ) and the soft trilinear couplings A f of the Higgs boson to the (massive) sfermions of flavour f . In general, each of these phases can be independent. CP violation effects are then carried into the Higgs sector through the interactions of the two Higgs doublets with the sfermions and/or charginos/neutralinos.
In short, in this study, we will study the possibility to have Higgs signals with mass around 125 GeV in the context of such a CP-violating MSSM (CPV-MSSM), which are in agreement with the aforementioned LHC data as well as other experimental constraints. We shall look for parameters of the model for which there exists agreement for both the Higgs mass and also with the rate of the most anomalous signal gg → h → γγ, while not falling foul of the limits existing in all the other production and decay channels currently tested by the experiments. We shall also investigate the dependence of the feasible CPV-MSSM signals on the couplings of the Higgs boson to both the relevant particle and sparticle states entering the model spectrum, as well as upon the masses of the latter, thereby aiming at a general understanding of the role of the complex phases.
The paper is structured as follows. In the next section we give a brief introduction to the Higgs sector of the CPV-MSSM. In Sect. 3 we investigate the possible numerical values of its parameters after performing a scan of the CPV-MSSM parameter space against available experimental constraints. In Sect. 4 we present our results on Higgs production and decay processes in connection with the LHC Higgs data. Finally, we conclude in Sect. 5.
A light Higgs mass within the CPV-MSSM
Within the theoretical framework of the MSSM, non-zero phases of µ, M i ( i= 1,2,3) and/or A f can induce CP violation in the Higgs sector radiatively, via the interactions of the Higgs bosons with the sfermions and gauginos. Thus these complex phases will break the CP invariance of the tree level scalar potential. As a result there will appear modifications to the values of the Higgs masses as well as the Higgs couplings. These effects could be described either diagrammatically or through the effective potential technique. Either way, we only need to recall here the basics. The starting point is the two Higgs doublets of the MSSM, which can be written as gauge eigenstates in the form
with
and where η 0 i (i = 1,2) are the pseudoscalar components of the two Higgs doublets. In the presence of CP-violating phases in the scalar potential the mass matrix for the neutral Higgs bosons assumes the general form
This 4 × 4 mass matrix is divided into 2 × 2 blocks with M 2 P , M 2 S and M 2 SP as the independent components where the last quantity is absent in the CP-conserving MSSM (CPC-MSSM). This term is generated in the CPV-MSSM through one-loop corrections [15] . Different contributions to the terms in the 2 × 2 matrix M 2 SP can be summarized as follows [16] :
where Φ CP = Arg(A t µ), v = 246 GeV and the mass scale M SUSY is defined by
with mt One can easily estimate the degree of CP violation in the Higgs sector by considering the dominant one(s) of these contributions. For example, sizeable scalar-pseudoscalar mixing is possible for a large CP-violating phase Φ CP , |µ| and |A t | > M SUSY . Apart from a massless Goldstone boson G 0 , which does not mix further with the other neutral states, the 4 × 4 mass matrix effectively reduces to a 3×3 Higgs mass-squared matrix M 2 , in the basis (A, φ 0 1 , φ 0 2 ), where A is the appropriate eigenstate of M 2 P . The 3 × 3 symmetric matrix M 2 ij can be obtained by an orthogonal matrix O,
The physical mass eigenstates h 1 , h 2 and h 3 (in ascending order of mass) are actually mixtures of the CP-odd A and the CP-even φ 0 1 and φ 0 2 , i.e., states of indefinite CP. Moreover, as A is no longer a physical state, the charged Higgs boson mass M H ± is a more appropriate parameter for the description of the CPV-MSSM Higgs sector in place of M A often used in the CPC-MSSM.
CPV Higgs mass and the available parameter space
As explained, the non-trivial CPV phases modify the Higgs mass significantly by introducing mixing between the scalar and pseudo-scalar Higgs sector. CPV phases can also affect the Higgs couplings with the gauge bosons and fermions, altering significantly their tree level values. For example, in a situation with maximal CP violation, known as CPX scenario, one can have the lightest Higgs boson which is almost CP-odd with a highly suppressed coupling to a pair of Z's [17] .
In order to study the mass and couplings of the Higgs bosons of the CPV-MSSM, we need to consider the relevant parameter space. However, the latter contains a large number of arbitrary free parameters due to an extended and more complex theoretical framework than that of CPC-MSSM. We have used CPsuperH (version 2.3) [18] to define and scan the CPV-MSSM parameter space (randomly). The ranges of variation of the input parameters are:
1. For the parameters defining the Higgs sector at tree level:
1 < tan β < 20, 100 GeV < M H ± < 300 GeV.
For first two gaugino masses:
50 GeV < M 1 < 500 GeV, 100 GeV < M 2 < 2000 GeV.
3. For the 3rd family sfermion masses:
4. For the 3rd family trilinear scalar couplings and µ-parameter:
5. For the phases appearing in the above parameters:
6. For the phase of the gaugino mass parameter M 3 :
While the following parameters are fixed during the scan:
1. Gaugino mass parameter:
2. Trilinear coupling of 1st and 2nd sfermion families:
3. Phases of the trilinear couplings for the first two generations: 
5. A hierarchy factor between first two and 3rd generations soft masses of 20.
We have performed a fully randomized scan of 5 × 10 5 points over the aforementioned ranges of the parameters while the two phases φ A f , (f = t, b, τ ), and φ 3 are kept fixed at 90 o . While imposing the different collider constraints on the parameter scan, we primarily demand that the lightest Higgs boson mass (M h 1 ) should always lie in the range 124 − 126 GeV. We then impose the following constraints to select the final set of allowed parameter points for our further analysis:
• The existing LEP constraints as implemented in CPSuperH (version 2.3) [18] .
• 1.1 × 10 −9 < BR(B s → µ + µ − ) < 6.4 × 10 −9 ; the recent LHCb data [19] .
In the CPV case (i.e., when the common phase is set to 90 degree, the maximal CP-violating scenario) 10975 points survive the first constraint. After the implementation of the second limit we are left with only 974 points. To obtain a correspondence with the CPC-MSSM, we have proceeded in the same way apart from setting the phases to zero, while keeping all other inputs same as the CPV ones.
In Fig.1 we display the variation of the lightest Higgs boson mass (M h 1 ) as a function of the phase φ 3 , while keeping φ A f = 90 o . The upper two curves represent two characteristic benchmark points (BP-1 & BP-2) obtained from the scan of the CPV-MSSM parameter space, whereas the lower two curves represent the CPX scenario [16] .
In Tab. 1, we have given the details of these two benchmark points, BP-1 and BP-2, where the last column gives the mass of the lightest neutral Higgs boson. These two points are illustrative of the fact that it is always possible to have the lightest Higgs boson mass around 125 GeV when one includes the sizeable corrections coming from the CPV phases onto the MSSM.
Before proceeding to analyze some LHC observables, it is important to take a look at the CPV-MSSM parameters and the particle spectrum after some selection is enforced upon the points obtained in the random scan. In Fig. 2(a) and (b) we have showed the allowed parameter space in the tan β − M H ± and A t − A b planes, respectively. The red/medium-grey points denote the region of the parameter space which satisfies LEP constraints, including the limit on the lightest Higgs boson mass (as mentioned before). From Fig. 2(a) one can conclude that the current limit on BR(B s → µ + µ − ) prefers low to medium values of tan β ∼ 7 − 14 and a somewhat heavier charged Higgs mass M H ± > ∼ 200 GeV (green/light-grey points). In the CPC-MSSM, the BR(
A , where M A is the pseudo-scalar Higgs boson mass, normally used to define the Higgs sector of the CPC-MSSM. However, in the CPV-MSSM, due to CP mixing, we do not have an exact CP eigenstate for the physical neutral Higgs bosons so that the charged Higgs mass (M H ± ) plays the role of M A here and controls the Higgs sector. Hence, to satisfy the current limit on the BR(B s → µ + µ − ), one requires a heavier neutral Higgs mass (this automatically implies a heavier M H ± ) and a lower tan β. In this analysis, our main motivation is to find out the range of the CPV-MSSM parameters where one can have an enhanced h 1 → γγ rate with respect to the SM prediction. Once we impose this, the final allowed parameter points shrink to the region depicted by the blue/dark-grey dots. Let us now turn our attention to the Fig. 2(b) , which clearly shows that, in order to have a lightest Higgs boson mass within 124 − 126 GeV, a heavy A t is preferred. parameter space randomly. The red (medium grey), green (light grey) and blue (dark grey) points are allowed by the LEP constraints with 124 GeV < M h 1 < 126 GeV, BR(Bs → µ + µ − ) limit and Rγγ > 1 (see eq. (6)), respectively. This can be understood from the fact that large A t corresponds to large mixing in the stop sector which in turn keeps the lightest Higgs boson mass light. It is also very clear that large values of A t are preferred for the sought enhancement in the di-photon channel while there is no such a strong dependence on A b . , can be as low as 400 GeV, see Fig. 3(a,b) . We have also analyzed the possibility to observe an enhanced di-photon rate due to the presence of light staus. The contribution coming from the staus are primarily controlled by µ and tanβ and, ignoring subleading terms, one can approximate their contribution to the total amplitude of the h 1 → γγ process by the quantity ∆A γγ which can be written as [20] :
As we know, in the SM, the di-photon amplitude of the top-quark and W -boson loop comes with opposite sign and the latter is dominant. Hence, to get an enhancement of the partial γγ width, any new contribution should constructively interfere with the W -boson contribution. To achieve this, in Ref. [20] , it has been shown that, in the CPC-MSSM, the additional contribution from the stau loops should be of order one and must interfere constructively with the dominant W -boson contribution. It is very clear that to have such a O(1) contribution one must have large µ tan β. In our analysis though, we have found that the current constraints on the lightest Higgs boson mass restrict very large value of the µ parameter. Conversely, the current limit from BR(B s → µ + µ − ) [19] also puts a severe constraint on the tan β. As a result of these two combined effects, we have found that the contribution of the staus in the h 1 → γγ process is highly limited as shown by the blue/dark-grey points in Fig. 4 . 
Results for the LHC Higgs signals
The main production channel in the context of the present LHC results is Gluon-Gluon Fusion (GGF), which at lowest order occurs at one-loop level, with the Higgs state decaying into γγ or ZZ * → 4l 1 . The decay of the Higgs boson via the di-photon channel is also a one-loop process, unlike the ZZ * one, which is tree level. The decay loops contain SUSY particles like stop, sbottom, stau, charginos and charged Higgs bosons in addition to the SM particles (top, bottom and charged gauge bosons), whereas the production loops only contain coloured particles (top, bottom, stop and sbottom). Furthermore, as we have assumed the Narrow Width Approximation (NWA) throughout 2 and neglected higher order QCD corrections at production level 3 , we can compute the Higgs boson event ratios as follows:
where, XX = γγ or ZZ * and h 1 is the lightest Higgs boson of the CPV-MSSM, while in the SM case it is marked as h. We proceeded similarly for the CPC-MSSM, wherein h 1 is meant to be replaced by the lightest CP-even Higgs boson. 1 We neglect here consideration of the τ + τ − , bb and W W * → 2l2ν modes from GGF, as experimental errors here are still very large. 2 This is justified by the fact that in all models considered (SM, CPC-MSSM and CPV-MSSM) one has that the Higgs width is always several orders of magnitude smaller than the Higgs mass.
3 Which would induce a different finite term inside the K-factor in the SM with respect to the CPV-MSSM (and CPC-MSSM as well). (7) in the CPV-MSSM (blue/dark grey) and CPC-MSSM (red/medium grey).
In Fig. 5 we have shown the variation of R γγ with the Higgs mass M h 1 . We again have focused our attention onto the region where the Higgs mass varies between 124 and 126 GeV. It is clear from this plot that slightly larger values of R γγ can be obtained within the CPV-MSSM with respect to the CPC-MSSM. Notice that we have followed the following color scheme while plotting all the relevant figures throughout the remainder of the analysis part: blue triangles (dark grey) correspond to CPV-MSSM and red circles (medium grey) to CPC-MSSM.
Notice that CPV effects enter eq. (6) through higher order corrections in the definition of the physical h 1 mass as well as through lowest order terms via the h 1ff * couplings (here,f refers to any possible sfermion). However, as emphasized in Refs. [21, 22] , the most significant CPV effects are induced by the latter, since the former is responsible for mass shifts between models which are within current experimental uncertainties in the determination of the resonant Higgs mass.
In order to appreciate such effects in our analysis, we find it convenient to study the ratio of the bottom/top Yukawa coupling for the h 1 state of the CPV-MSSM relative to SM values for the h boson, which can be written as (q = b, t):
(Again, a similar expression holds for the CPC-MSSM.) Thus, R q−S denotes the scalar part of the coupling, while R q−P S denotes the pseudo-scalar part. The full expressions for these terms can be found in the CPSuperH manual [18] . When R γγ is plotted as a function of the b-quark couplings, R b−S and R b−P S , as shown in Fig. 6 (a,b), one finds that there are solutions to the LHC Higgs data with both positive and negative couplings R b−S , which is typical of the CPV-MSSM, unlike the case of the CPC-MSSM, which only allows for positive values. A similar behaviour is obtained for the dependence on the t-quark couplings, as shown in Fig. 6(c,d) . Further, if one recalls that the coupling of top quark to the h 1 Higgs boson is inversely proportional to sinβ (relative to the SM case) and that we have varied tanβ from 1 to 20 (which implies sinβ ∼ 1), it is not surprising to see that R t−S lies around unity. Needless to say, by definition, R b−P S and R t−P S are zero in the CPC-MSSM, whereas this is not so in the CPV-MSSM, where, however, their absolute values are much smaller than those for R b−S and R t−S , respectively.
We have studied the correlations between R γγ and R ZZ emerging from the GGF channel, as defined in eq. (6) . From Fig. 7(a) , we can conclude that values of R γγ above 1 correspond to values of R ZZ above 1.2. Though these values are somewhat in contradiction with (some) LHC data, which privilege R γγ values larger than R ZZ , at least according to the last updates from the CMS collaboration [23] [24] [25] , our results are still consistent with data when one includes statistical fluctuations around the experimental best-fit value. According to the CMS collaboration the signal strength for the γγ channel is (1.56 ± 0.43) while for the ZZ channel is (0.8
To illustrate this, we have plotted our results against the latter along with the corresponding experimental 1σ and 2σ error bands in Fig. 7(b) . Herein, the star marks the best-fit value (0.8, 1.56) of R ZZ and R γγ respectively from the CMS collaboration, and the yellow and green patches correspond to the 2σ and 1σ band drawn around it, respectively. In essence, the CPV-MSSM results are consistent with the CMS data within the 2σ error band (and so are the CPC-MSSM ones).
As we have already discussed, the main SM Higgs boson production mechanism at the LHC is GGF. However, the detection of the h → bb and h → τ + τ − decays (and, similarly for the CPV- MSSM and CPC-MSSM) are considered nearly impossible when the Higgs boson is produced this way, since it is expected to be overshadowed by di-jet events from QCD interactions. However, when the Higgs boson is produced in association with a vector boson (W/Z), also known as Higgsstrahlung (HS), with the gauge bosons decaying leptonically, it is relatively easy to tag the two b-jets to reconstruct the Higgs mass and both ATLAS and CMS have some sensitivity in this channel [26, 27] . Hence, we have considered here this Higgs production channels when searching for Higgs boson signals decaying into pairs of bottom quarks or tau leptons. In this case, the definition of the corresponding event ratios will be modified to:
where Y Y = bb, τ + τ − (and V = W/Z as well, since sensitivity to these decay modes also exists for the HS production mode 4 ).
In Fig. 8 we have displayed the scatter plots in (a) R γγ − R bb plane and (b) R γγ − R τ τ plane in the CPV-MSSM (blue/dark grey points) and CPC-MSSM (red/light grey points), respectively. First, we have checked that the change in Γ(h, h 1 → V V ) in the presence of CP-violating phases with respect to the SM is negligible for all the allowed points. Hence, from eq. (8), it is clear that R Y Y mainly depends on BR(h, h 1 → Y Y ). To understand this, in Fig. 9 , we have shown the correlation between the BRs of the Higgs boson into pairs of b's and τ 's. In the case of the CPV-MSSM, the Higgs boson partial decay width into a pair of τ 's is suppressed compared to the CPC-MSSM. Hence, the shift of the CPV-MSSM points towards lower values of R τ τ is the artifact of the suppression in BR(h 1 → τ τ ). Since the BR(h 1 → bb) does not change by a significant amount in the CPV-MSSM relative to the CPC-MSSM, we cannot expect any noticeable difference in this particular decay mode. Thus, looking at this two particular decay profiles, one can come to two conclusions. On the one hand, present results from the LHC are in good agreement with both the CPV-MSSM and CPC-MSSM predictions. On the other hand, a close scrutiny of the BR(h 1 → bb) and BR(h 1 → τ + τ − ) will enable one to distinguish between the two SUSY hypotheses.
Conclusions
In this paper, we have studied the possibility to have a SM-like Higgs boson with mass around 125 GeV in the CPV-MSSM in compliance with recent LHC data. Furthermore, we have checked that there exists agreement between the CPV-MSSM and said data while examining the event rates in the Higgs boson detection channels to which ATLAS and CMS have established sensitivity, particularly in the case of the gg → h 1 → γγ mode. In both instances, we have highlighted the role of the complex phases, by comparing the CPV-MSSM to the CPC-MSSM, in presence of known experimental constraints, such as those extracted from flavor-violating processes, CPV observables and Electric Dipole Moments (EDMs). Finally, we have shown how studying correlations between the bb and τ + τ − detection channels may enable one to distinguish the CPV-MSSM and CPC-MSSM.
